T
he growing concerns about terrorist activity have resulted in considerable interest in the development of devices that can be employed in the field for the detection of warfare agents and explosives. There is a need to develop systems that can provide on-site and real-time monitoring of terrorist weapons for the protection of both civilians and military personnel 1, 2 . Many currently used warning systems are bulky and/ or slow. Field-deployable devices should have a small footprint and power requirements, be versatile, have high sensitivity and selectivity and be able to be employed in the field with minimal operator intervention.
Considerable effort is being made towards the rapid and sensitive detection of explosives for 'counter-terrorism' surveillance, e.g. for detection of hidden explosives and examination of bombing scenes 3 . In addition, there is also a need to detect chemical warfare agents (CWA) and their degradation products. There is alarm about the potential use of biological warfare agents (BWA) such as bacteria, viruses and toxins by terrorists. Fast and sensitive pathogen detection systems could provide an early warning of their release and minimise further spread and human casualties as well as protecting water resources and food supplies.
Microelectronics has made possible the vast array of consumer electronic products such as mobile phones and compact disc players that are available today. In recent years, researchers have become increasingly interested in concepts of miniaturisation and functional integration in fields other than electronics. There have been some interesting developments in microelectromechanical systems (MEMS). Accelerometers have become widely used in cars for the deployment of airbags; these are miniaturised mechanical sensors that measure the G forces on the car. In optics, microtechnology has been used for the development of microstructures for the manipulation of light, e.g. micro-mirrors and optical switches. There is now also rapidly growing interest in the development of miniaturised systems for chemical and biological analysis. These systems, known as Lab-on-a-chip, are often thus required to manipulate liquids in a network of microchannels ( Figure 1) .
Traditionally, chemical and biological analysis has been performed by skilled personnel using large specialised equipment in central laboratories. There is, however, a need to perform analysis in the field by non-specialists. Lab-on-a-chip systems have the potential to provide reliable forensic information in a faster, simpler and cheaper manner than traditional laboratory-based instrumentation. Ideally, Lab-on-a-chip systems integrate all of the stages in analysis, such as sample preparation, chemical reactions, separation and detection on the single substrate. Given that Lab-on-a-chip systems are inherently smaller, they will therefore have lower power and reagent consumption, resulting in reduced cost per analysis. The use of microfabrication techniques for device development allows the creation of large numbers of devices very reproducibly and consequently should lead to more reproducible measurements. The devices are fabricated using ideas borrowed from the microelectronics sector. A key goal for Lab-on-achip is the development of fabrication protocols that can produce a large number of devices at low cost. As in the case of the microelectronics industry, with time this should lead to improved device reproducibility as well as higher chip functionality.
In the design and construction of a basic Lab-on-a-chip system, consideration has to be given to the method of fluidic control, choice of detection principle, fabrication protocol and method of packaging. The latter is important because the Lab-on-a-chip needs to be interfaced to the macro world. There is, therefore, a requirement for interconnections to the fluidic, mechanical, optical and electronic components.
Microfluidics
The behaviour of fluids in microchannels can be very different from that observed in the macro world; in general, fluid flow becomes laminar and diffusion becomes a dominant process. In addition, the surface to volume ratio increases as the dimensions of the channel decrease 4 . The type of flow behaviour, i.e. turbulent or laminar, in a channel is dependent on the density, viscosity and fluid flow as described by the Reynolds number. Reynolds numbers larger than 2300 generally indicate turbulent flow; in Lab-on-a-chip devices the Reynolds number can be several orders lower indicating a highly laminar flow regime. The two major types of transport in a microfluidic system are either directed or statistical transport.
Directed transport is controlled by the exertion of force on the liquid causing it to move. The force is either mechanically driven by a pump, pressure driven, or electrically driven by a voltage, electro-osmotic flow (EOF). Statistical transport occurs when the movement of fluid leads to a situation of high disorder from a situation of low disorder. This can arise at an interface with a concentration gradient. Diffusion will cause the molecules to move from a high concentration and highly ordered state to a low concentration and disordered state.
In general, microfluidic devices contain a mixture of statistical and directed transport. In the case of a simple Y or T junction, unlike in a macroscopic stream, the two streams do not mix by turbulence. Instead, the two streams pass alongside each other and mixing arises from lateral transport due to diffusion. The contact time, a function of channel width and average flow velocity, determines the minimum length of the main channel to ensure adequate mixing. Passive mixing, i.e. where no external energy input is provided, can be improved by reducing the diffusion distance. This can be done by splitting the stream into smaller streams and then relaminating them. The diffusion coefficient and contact time are important parameters in the design of a microfluidic device. An example of their use can be seen in the H filter 5 . The filter has two inlets where two streams meet, are laminated and flow side by side before exiting at two outlet channels. If stream A contains two species, one with a higher diffusion coefficient than the other, and stream B is a pure solvent, then as the two streams pass alongside each other, the species with higher diffusion coefficient will pass into stream B. This design can thus be used for filtering two species of differing diffusion coefficients.
A variety of micropumps has been developed for directed transport in microfluidic devices. These all, however, suffer from pulsating flow since the actuators use a reciprocating movement. The problem could be reduced by using several pumps that operate out of phase. Conventional syringe pumps offer a simpler solution for delivery of non-pulsating flow. An additional advantage of this approach is that potentially corrosive liquids do not come into contact with the pump. An alternative approach for delivery of nonpulsating flow is the use of centrifugal forces. Microchannels are fabricated onto a CD-like disc and typically arranged in a radial pattern. When the disc is spun, centrifugal forces cause the liquid to move from the centre of the disc to its rim via the microchannel structure. Burst valves are incorporated so that the liquid only moves when the disc has achieved a particular angular speed.
Electro-osmosis is an alternative and popular approach for directed transport that does not involve moving parts and is non-pulsating. At each interface, there is an imbalance of charges and forces. If we consider a glass microchannel in the presence of a buffer solution, the surface of the glass will be composed of silanol groups (-Si-OH) which, depending on the pH of the solution, will be deprotonated to a greater or lesser extent.
Deprotonation will lead to a separation of charge with the negative charges on the glass wall and strongly immobilised positive charges next to the wall. The distance over which this separation of charges occurs is known as the Helmholtz or Stern layer. A further diffuse layer, beyond the Stern layer, extends further into the bulk of the solution and is known as the Gouy-Chapmann layer. The potential at the plane of the Stern layer and Guoy-Chapmann layer is called the zeta (z) potential and is dependent on the chemical composition at either side of the interface. If an external voltage is applied, then the mobile protons at the glass interface will move towards the negative electrode. This will cause all of the fluid to move towards the negative electrode and is known as EOF.
The EOF is characterised through the electroosmotic mobility which is dependent on the z potential , the dielectric constant and the viscosity of the solution. The electroosmotic velocity will be a product of the electro-osmotic mobility and the applied electric field. Typical field strengths are a few hundred volts per cm leading to flow velocities of around 1mm s -1 .
There is an important need within Lab-on-a-chip systems for the ability to dispense reproducible volumes of fluid. This can be done conveniently using electrokinetic fluid manipulation in a T structure (Figure 2A) . The principle of gated injection is given in Figure 2B 6 . The main waste reservoir at the end of the channel is set to ground with the other reservoirs at higher potential. In the pre-injection mode, the potentials are arranged such that sample flows from the sample reservoir to the sample waste while the buffer in the buffer reservoir flows to the sample waste reservoir. When the potentials in the sidearms are allowed to float, the sample is directed towards the main channel. Reapplying the potentials will cause the system to return to the pre-injection mode but now with a plug of sample running through the main channel.
An alternative approach is that of pinched injection, Figure  2C . In this case the sample is in one of the sidearms reser- voirs, and is continuously pumped across the intersection; into the opposing waste reservoir. The voltages are also arranged so that buffer flows along the main microchannel. The advantages of the pinched injection are that firstly the injection volume is predefined and fixed, i.e. volume of the intersection and secondly if the loading step is given sufficient time then the sample at the intersection is the same as the original sample, there is no electrokinetic bias on injection. A variation on the pinched injection is the double T injection. Here the sidearms are offset by a certain distance, which increases the injection volume. Samples are often complex and need to be separated into their individual components before they can be detected and quantified. The most commonly implemented separation technique in Lab-on-a-chip is electrophoresis. In free-zone electrophoresis, the species to be separated are dissolved in a buffer, also referred to as the background electrolyte. The ions are able to move freely in the solution by diffusion and/or under the influence of an electric field, and are characterised by their electrophoretic mobility which is a function of the radius and charge of the ion as well as the viscosity of the buffer solution.
In addition to electrophoresis, electroosmosis will often occur. The total velocity of the charged species is therefore the vector sum of the electrophoretic (EP) velocity and the electroosmotic(EO) velocity (Figure 3) . In general, the magnitude of the electro-osmotic velocity will be higher than the electrophoretic velocity so that all species, irrespective of their charge, will tend to move in the direction of the EOF. Separation in such systems is therefore made by the charge to size ratio of the species with the highly charged cations being the first to arrive at the detector. The cations are followed by neutral species and then anions. Very fast capillary electrophoresis (CE) separations have been demonstrated in Lab-on-a-chip systems 7, 8 .
In the case of larger molecules, particularly fragments of DNA, the charge to size ratio does not change very much. To separate these types of molecules, the microchannels are filled with a polymer gel and the approach is known as gel electrophoresis. Although the transport mechanism remains migration in an electric field, the polymer gel acts as a sieve so that the smaller molecules pass through the polymer gel at a faster rate than larger molecules.
The free zone electrophoresis and gel electrophoresis approaches are not suited to separation of neutral species. In the case of free zone electrophoresis, since neutral species will have the same charge to size ratio, they will tend to move with the velocity of the EOF. Since EOF is suppressed in the gel electrophoresis, they will tend not to move at all. An alternative approach for neutral species involves a technique known as Micellar Electrokinetic Chromatography (MEKC).
In this technique a surfactant is added to the buffer at above a critical concentration. This results in the formation of micelles which have a hydrophobic interior and a hydrophilic exterior. The micelles are typically highly charged anions which have a high electrophoretic mobility that opposes the EOF to an extent that the net velocity is zero. The micelles in the buffer solution therefore act as a quasi-stationary phase. The separation is thus based on the difference in affinity between the neutral molecules for the hydrophobic interior of the micelles. Molecules with a higher hydrophobicity are likely to be partitioned to a greater extent in the micellar phase and will therefore take longer to reach the detector than less hydrophobic molecules.
Detection
The detection schemes most commonly found in Lab-on-achip are generally either optical or electrochemical. In the case of optical sensing, a wide range of phenomena, including absorption, evanescent wave and fluorescence, can be used to determine the concentration of a species. In many current systems, neither the light source nor the photodetector is integrated into the chip substrate. As a consequence, optical fibres and free-space optical elements such as lenses, mirrors and filters are used to guide the light to the channel network and also to collect the optical signal from the fluidic channel.
Lasers are a popular light source since they have high optical power and are also monochromatic. Their drawback is that they are both large and expensive which is particularly true for UV lasers (200-400nm). In this region, spectral and incandescent lamps are widely used. Light emitting diodes (LED) are popular because of their small size but they also suffer from lower optical power output. Photomultiplier tubes and photodiodes are often used for detection.
Electrochemical detection is attractive because the sensors are relatively easy to fabricate, often only requiring two electrodes, typically noble metals such as platinum, silver or gold. As a consequence, this approach offers the possibility of on-chip detection. Electrochemical detection is particularly appropriate when the samples being detected are turbid. The most common electrochemical approaches used are either potentiometry or amperometry. In potentiometry, the current through the electrochemical cell is zero and the potential is measured as a function of the analyte concentration. In amperometry, the current is measured as a function of the applied potential and related to the concentration of the analyte.
Fabrication
Many of the fabrication protocols being developed for Labon-a-chip have been borrowed from the semiconductor sector. The types of processes used often depend on the substrate being used, typically either glass, silicon or polymer. Glass and silicon based microfluidic devices often use standard lithographic techniques for transferring a pattern onto the substrate. A mask with the desired pattern is held over a substrate covered with a photoresist. Exposure of UV onto the resist can either cause hardening or softening of the resist. The non-hardened areas of the resist can be etched, using either wet chemical etchants or dry etching, to create either a negative or positive pattern on the substrate. In the case of glass substrates, wet etching is preferred over dry etching since the latter is too slow. Dry etching techniques such as reactive ion etching (RIE) and plasma ashing use gases in a plasma state. A related technique known as deep reactive ion etching (DRIE) is very exciting because it is used to create very high aspect ratio structures in silicon.
Glass, typically as borofloat glass or quartz, has a number of advantages over silicon in its use in Lab-on-a-chip applications; these include the fact that glass is resistant to many chemicals, it is optically transparent and has good dielectric properties, i.e. it can withstand the high voltages used in electrokinetically driven flows and separations. Other advantages of glass include its hardness, high thermal stability and biocompatibility. The latter allows its applications in biological areas such as DNA separation, enzymes reactors, immunoassay and cell biology.
Micromachining of glass is, however, less versatile then silicon because of its non crystalline structure and because of the limited experience of glass as a material for microsystems. A glass microfluidic channel network is often lidded with a glass cover plate. The most common methods of glass to glass bonding are thermal fusion bonding, an anodic bonding and adhesion bonding or gluing.
There is great interest in the use of polymer materials as the substrate for Lab-on-a-chip devices because they can be produced at relatively low cost and high volume. They also have better biocompatibility properties which is important when dealing with biological material 9 .
Microstructure is typically created in polymer devices using micro-injection moulding, laser ablation, soft-lithography and hot embossing. In micro-injection moulding a heated polymer fills a mould and then allowed to cool. The polymer takes the shape and features of the mould. Lasers can be used to apply large amounts of energy in small areas and thus create microstructure in polymers. Laser micro-machining is also used to fabricate structures in various other materials such as glass, polymers, ceramics and metals.
In soft lithography, a mixture of elastomer precursor and curing agent are poured over a template. After curing, the structured polymer can be peeled away from the template. Oxygen plasma treatment can be used to create a permanent lid for the structured polymer. Hot embossing involves heating a polymer and pressing a mould into the polymer. The mould is then removed and leaves an impression on the cooled polymer ( Figure 4) .
Applications
Lab-on-a-chip systems have been developed for both lowenergy ionic explosive and high-energy organic explosives. Detection of nitro-aromatic compounds has been described using MEKC separation on a glass chip with indirect laser-induced-fluorescence 10 . A 65mm separation channel with a Cy-7 visualising agent was used for the separation and detection of 10 explosives within 1min. Nitroaromatic explosives have an inherent redox activity and can therefore be detected using a self-contained CE Labon-a-chip with electrochemical detection. The groups of Wang 11 and Luong 12 have demonstrated detection of nitroaromatic explosives down to ppb levels. Wang et.al. 11 have described the use of a diamond electrode on which the electrochemistry takes places as a means of getting very high stability, RSD of 0.8% for 60 repetitive measurements of 5 ppm of 2,4,6-trinitrotoluene. Further lowering of the detection limit can be achieved by integrating a pre-concentration onto the chip. When only the total explosive content is required, the systems can be simplified by removing the separation stage. A Lab-on-chip based system can also be used for the rapid detection of explosive related cations and anions down to micromolar levels 13 . A CE/conductivity Lab-on-a-chip has also been developed for the fast screening of CWA degradation products of Sarin, Soman and VX nerve-agents 14 . The detection of acetylcholinesterase (AChe) inhibitors has been carried out by monitoring the decrease in the fluorescence signal of a thiocholine product 15 . Cyanide detection has been performed by the reaction of cyanide with 2,3-napthaldehyde and taurine to form a fluorescence derivative. The reaction is used in a CE Lab-on-a-chip with a diode laser excitation source 16 .
Lab-on-a-chip approaches for bio-terrorism are largely based on either immunoassay or genetic testing approaches. Immunoassays relies on the recognition of binding of an antigen, the analyte, with an antibody. Conventional immunoassay are slow and require technical skill to perform since they involve a number of liquid handling steps. Lab-on-a-chip based immunoassay systems are very attractive since they combine the inherent selectivity and sensitivity of antigen-antibody interactions with fluid handling capability and reagent economy of the Lab-on-a-chip concept. A Lab-on-a-chip for immunoassay has demonstrated assay in less than a minute and nanomolar detection limits 17 . Beads have also been used in such systems to facilitate the antigen-antibody binding 18 .
The development of Lab-on-a-chip for DNA diagnostics has important implications for on-site BWA detection. Such systems are required to integrate a number of steps such as DNA extraction, PCR amplification, nucleic acid separation or hybridisation and detection. PCR amplification is a major challenge because of the compatibility of the biological components with the chip substrate and the need for large temperature changes which can lead to bubble formation. Silicon is very good for rapid heat transfer but less attractive in terms of biocompatibility. Motorola Inc. have demonstrated a disposable plastic device which integrates PCR amplification and DNA hybridisation 19 . Sample pre-treatment is a critical stage for biological analysis. A chip based solid-phase extraction (SPE) has been described for purifying DNA from biological samples. The system in combination with on-chip fluorescence detection was used for the purification of bacterial DNA from a vaccine strain of anthrax 20 . A minisonicator has been used for the lysis of 
Conclusions
It is clear that Lab-on-a-chip devices have the potential to offer field usable devices that have the same performance as laboratory-based instruments for the detection of terrorist weapons. The Lab-on-a-chip developments will have an important impact on emergency personnel, on decision making and the gathering of forensic data.
